ABSTRACT B 4 C coatings for 10 B-based neutron detector applications were deposited using high-power impulse magnetron sputtering (HiPIMS) and direct current magnetron sputtering (DCMS) processes. The coatings were deposited on Si(001) as well as on flat and macrostructured (grooved) Al blades in an industrial coating unit using B 4 C compound targets in Ar. The HiPIMS and DCMS processes were conducted at substrate temperatures of 100 and 400°C and the Ar pressure was varied between 300 and 800 mPa. Neutron detector-relevant coating characterization was performed and the coating properties were evaluated with regard to their growth rate, density, level of impurities, and residual coating stress. The coating properties are mainly influenced by general process parameters such as the Ar pressure and substrate temperature. The deposition mode shows only minor effects on the coating quality and no effects on the step coverage. At a substrate temperature of 100°C and an Ar pressure of 800 mPa, well-adhering and functional coatings were deposited in both deposition modes; the coatings showed a density of 2.2 g/cm 3 , a B/C ratio of *3.9, and the lowest compressive residual stresses of 180 MPa. The best coating quality was obtained in DCMS mode using an Ar pressure of 300 mPa and a substrate temperature of 400°C. Such process parameters yielded coatings with a slightly higher density of 2.3 g/cm 3 , a B/C ratio of *4, and the compressive residual stresses limited to 220 MPa.
Introduction
The recent intense and focused search for alternatives to 3 He-based detectors has shown that detectors based on the boron isotope 10 B are feasible alternatives [1, 2] both in their performance and economically [3] [4] [5] [6] [7] [8] [9] [10] . 10 B has a relatively high neutron absorption cross section compared to 3 He, and by optimizing the design of the detector, a detection efficiency comparable to 3 He has been presented [3, 11] . When a neutron is absorbed by a 10 B atom, there is a 94 % probability that the nuclear reaction 10 For many 10 B-based detector applications, 10 B has to be deposited as ''high-quality'' thin films onto various substrate types. In this case, ''high quality'' is defined by neutron-hard, well-adhering films of thicknesses [1 lm featuring low residual stresses, maximum amounts of the neutron absorbing element 10 B, and thus a minimum of unfavorable impurities like H, O, C, and N. The process must also be scalable to several hundred square meters of two-side coated substrates at affordable production prices. Natural boron contains 20 % 10 B, but the isotope separation is relatively easy and [95 % 10 B-enriched material is commercially available. In previous publications [3, 12, 13] , direct current magnetron sputtering (DCMS) was shown to provide suitable deposition processes for the production of 10 B 4 C large area neutron detectors. 10 B 4 C is the preferred material, instead of 10 B, 10 BN, or other 10 Bcontaining compounds, due to its relatively high boron content in combination with excellent wear resistance and thermal and chemical stability [14] [15] [16] [17] . Additionally, the radiation hardness has recently been shown to be appropriate for these neutron detector applications [18] . Reference [12] addresses adhesion issues that often arise for micrometer-range-thick B 4 C films due to high residual film stresses in combination with low adhesive forces between the B 4 C film and the substrate. Here, the film adhesion on Al substrates was reported to improve significantly as elevated substrate temperatures between 300 and 400°C are used. However, there is still a need for a well-working process at substrate temperatures below 200°C, allowing the deposition of adhering, high-quality 10 B 4 C coatings on temperature sensitive substrates.
Additionally, the inherently poor step coverage of coatings deposited by DCMS on macrostructured (commonly grooved) Al blades [4] needs further investigation. The poor step coverage arises due to the line-of-sight deposition nature of this technique [19] . As was pointed out by Stefanescu et al., 10 B 4 C coating thickness non-uniformity on such macrostructured blades may lead to detector efficiency losses of up to 10 % [20] .
A possible solution to the above mentioned concerns, yet still using an industrial-scale magnetron sputtering process, may be high-power impulse magnetron sputtering (HiPIMS). In HiPIMS processes, the flux of ionized target material usually exceeds the flux of ionized working gas [21] [22] [23] [24] [25] . This implies not only benefits with regard to the film morphology and density, but also for the residual stress [26, 27] and the step coverage [21] . Although ion bombardment of the growing film has frequently been reported to yield high film stresses [28] , the comparison of films deposited by DCMS and HiPIMS showed significantly reduced stresses without sacrificing film hardness or density in case HiPIMS was used [29] . Here, mainly the sputter gas and target material properties, i.e., mass and ionization potentials, together with appropriate bias voltage setting were found decisive.
Therefore, this study explores DCMS and HiPIMS process parameters for the growth of B 4 C coatings on temperature-sensitive or macrostructured substrates. In order to put the quality of coatings deposited using HiPIMS or DCMS at low substrate temperature into perspective, their properties are compared to high-grade coatings deposited by DCMS at elevated substrate temperature. The aim is the deposition of uniform, high-quality B 4 C films onto Si and various Al substrates with a thickness of [1 lm at low substrate temperatures without adhesion-enhancing interlayers in order to meet the requirements of different 10 B-based neutron detector technologies.
Experimental details
B 4 C films were deposited in an industrial coating unit (CC800/9, CemeCon AG, Germany). A base pressure of less than 0.5 mPa was achieved prior to deposition. The depositions were carried out in DCMS and HiPIMS modes. All coating processes utilized two rectangular B 4 C compound targets with an area of 440 cm 2 . The B 4 C targets were mounted on two, each other facing cathodes and sputtered in Ar atmosphere. Prior to deposition, the sputter system was evacuated at full pumping speed for 2 h and the substrates were degassed at the intended deposition temperature. The deposition of the B 4 C films was conducted at 75 % of the full pumping speed. The influences of the substrate temperature and deposition pressure on the B 4 C coating properties grown in DCMS and HiPIMS modes were investigated. For our experiments, the deposition temperatures of 100 and 400°C were chosen. The working gas pressures were adjusted to 300, 450, 600, and 800 mPa by the Ar flow and kept constant throughout the deposition. In DCMS mode, a power of 3500 W was applied to each cathode. In HiPIMS mode, the same average target power of 3500 W together with a pulse frequency of 700 Hz and a pulse width of 200 ls was used. The pulse parameters yielded an energy per pulse (E pP ) of 5 Ws. No additional bias voltage was supplied to the substrate table in both deposition modes in order to reduce residual coating stresses and to provide well-adhering coatings. The floating potential was measured to be approximately -40 V.
Films with thicknesses between 1.4 and 1.9 lm were grown onto Si(001) wafer pieces, on flat Al blades (alloy EN AW-5754) [30] , and on macrostructured Al blades [20] . The chosen substrates allow for various material analysis techniques and correspond to frequently used substrates in 10 B-based neutron detectors. All Al blades were mounted on a sample carousel with a 2-axis planetary rotation for 2-sided deposition. The Si wafer pieces were attached with stainless steel wires to the flat Al blades and mounted in a similar position as the flat Al substrates without Si. The macrostructured Al blades were mounted inside the deposition chamber so that the grooves were vertical and rotated around their primary axis using twofold rotation. Cross-sectional scanning electron microscopy (SEM, LEO 1550 Gemini, Zeiss, Germany) was carried out in order to determine the B 4 C thickness and hence the deposition rates of the sputter processes. The instrument, equipped with an in-lens detector, was operated at an acceleration voltage of 5 kV at a working distance of *3 mm.
In order to study the thickness uniformity of B 4 C coatings on grooved Al blades, cross-sectional SEM was conducted. For sample preparation, the grooved Al blades were cut perpendicular to the grooves, embedded into Bakelite resin (Polyfast, Struers), and subsequently mirror polished. The above mentioned instrument settings were applied for SEM imaging.
The composition and bonding states of the B 4 C films were examined by X-ray photoelectron spectroscopy (Axis UltraDLD, Kratos Analytical, Manchester, UK) using monochromatic Al(Ka) X-ray radiation (hm = 1486.6 eV). The base pressure in the analysis chamber during acquisition was less than 1 9 10 -7 Pa. The XPS survey spectrum and core-level spectra of the B 1s, Ar 2p, C 1s, and O 1s regions were recorded on the as-received samples and after Ar ? etching with a 4 keV Ar ? ion beam. In order to remove the surface oxide layer that is generated upon exposure to air, the Ar ? beam was rastered over an area of 3 9 3 mm 2 at an incidence angle of 20°.
Automatic charge compensation was applied throughout the acquisition. After subtraction of a Shirley-type background, the compositions were extracted from the core-level spectra obtained from sputter cleaned samples applying elemental cross sections provided by Kratos Analytical. Isotope-specific compositional analysis was performed with time-of-flight elastic recoil detection analysis (ToF-ERDA), using a 36 MeV 127 I 9? beam at 66°incidence and 45°recoil scattering angle. The recoil energy of each element was converted to relative elemental depth profiles using the CONTES code [31] . The residual stresses in the films were determined by the wafer curvature method assessed by X-ray diffraction (XRD, PANalytical Empyrean) [32] . The diffractometer, equipped with a Cu Ka1 source, was operated at 45 kV and 40 mA. The Stoney formula for anisotropic single crystal Si(001) was used to extract residual coating stress from the measured substrate curvature. Here, uniform plane stress in the film was assumed [33] . The same instrument was chosen to study the film density by X-ray reflectivity (XRR). The density was evaluated using the PANalytical X'Pert reflectivity software. Here, a 3-layer model, resembling the substrate, the B 4 C films, and a surface oxide layer, was applied. were sputtered using an Ar pressure of 800 mPa in DCMS and HiPIMS modes, respectively. Figure 1c, d shows B 4 C coatings deposited at an Ar pressure of 300 mPa using DCMS and HiPIMS, respectively. As can be seen, all samples show columnar morphologies without significant differences. This columnar growth mode is attributed to comparatively low average particle energies and fluxes [34] , which is expected for the sputter deposition from B 4 C compound targets and for the chosen bias voltage settings. The flux of sputtered particles is considered to be low due to the comparatively low B 4 C sputter yield of \0.5 at/ion at an Ar ? energy of 800 eV [35, 36] . The average particle energy can be estimated to be less than 10 eV on the basis of results in Ref. [29] (cf. Fig. 3a , f black lines in Ref. [29] ), given that the peak target currents in the HiPIMS B 4 C processes did not exceed 72 A and the discharge characteristics of B 4 C were found to be similar to graphite. Moreover, in order to provide well-adhering coatings, the processes were conducted at floating potential, which maintains low particle energies at the growing film surface. Figure 2 compares the growth rates of DCMS and HiPIMS processes using an average target power per cathode of 3500 W. HiPIMS processes were carried out at a frequency of 700 Hz yielding an E pP of 5 Ws. The growth rates for DCMS and HiPIMS processes are comparable, although non-reactive HiPIMS of commonly sputtered metals yields generally lower growth rates compared to DCMS [37] . The reduced growth rate in HiPIMS is mainly attributed to an increased amount of back-attracted ionized species caused by an increased ionization of the sputtered material [38, 39] . In case the B 4 C compound target is operated in HiPIMS mode, an enhanced ionization of sputtered target material is not apparent. We ascribe this to the comparatively high first ionization energies of B and C of 8.3 and 11.26 eV, respectively, as well as the low sputter yield of B 4 C.
Results and discussion
Furthermore, Fig. 2 shows an increasing growth rate as the Ar pressure is raised from 300 to 800 mPa. Depending on the pressure, the substrate temperature of 100°C yields growth rates between 0.50 and 0.64 lm/h, while the growth rates at 400°C show slightly reduced values ranging between 0.45 and 0.54 lm/h. The drop in deposition rate at elevated temperatures can be attributed to an increased adatom mobility at the growing substrate surface. High ad-atom mobilities increase the probability for recombination reactions at the growing film substrate, where volatile species may form [40] . At T s = 400°C, this process may be assisted by an elevated desorption of contaminants from the chamber walls. Moreover, the slightly increased densities (cf. discussion on coating densities below and Fig. 4 ) that were extracted for films deposited at T s = 400°C contribute to reduced growth rates.
The B 4 C coating thickness uniformity on grooved Al blades of processes conducted at 400°C is shown in Fig. 3a . Cross-sectional SEM images were acquired at the top, the slope, and the bottom of the grooves, which have a height of 2.1 mm and an opening angle of 458 [4] as depicted in Fig. 3b . As shown in Fig. 3a , the coating thickness uniformity of all investigated processes is neither significantly influenced by the deposition mode nor by the applied Ar pressure. The coating thickness at the slope of the grooves was found to range between 60 and 70 % of the coating thickness at the top, and drops further to values between 23 and 27 % at the bottom. The line-of-sight deposition of magnetron sputtering is well known [19] . Therefore, abruptly decreasing coating thicknesses at the slope and the bottom of the grooves are expected not only in DCMS mode, but also in HiPIMS mode, since an enhanced ionization of sputtered target material is not apparent as outlined above. The step coverage was also shown to be influenced by the particle mean free path, which in turn is affected by the Ar pressure [41] [42] [43] . Saito et al. [42] varied the process pressure and demonstrated that a particle mean free path resembling the target-to-substrate distance yielded the best step coverage. In our study, Ar pressures between 500 and 800 mPa result in a Figure 2 Growth rates as a function of the process pressure for B 4 C coatings deposited at the substrate temperatures of 100°C (black) and 400°C (red) using DCMS (squares) and HiPIMS (triangles). The estimated uncertainty is less than ±8 %.
particle mean free path of sputtered target material that resembles the actual target-to-substrate distance between 6 cm and 10 cm [44] in the twofold rotational setup used for the grooved Al blades. The fact that the coating uniformities do not differ significantly may be ascribed to the twofold rotation of the grooved blades, which possibly disguises effects induced by the deposition pressure due to shadowing effects. Figure 4 shows that an elevated substrate temperate of 400°C yields B 4 C densities of up to 2.30 g/cm 3 in both deposition modes. Throughout the investigated range of Ar pressures, HiPIMS yields constant film densities of 2.23 ± 0.02 and 2.30 ± 0.01 g/cm 3 at the substrate temperatures of 100 and 400°C, respectively. The density of films deposited in DCMS mode appears to be affected by pressure. Here, an Ar pressure of 800 mPa results in decreased B 4 C densities of 2.10 and 2.23 g/cm 3 at T s = 100 and 400°C, respectively. Increasing B 4 C densities approaching the B 4 C bulk density of 2.52 g/cm 3 at an elevated substrate temperature are a result of the above mentioned increased ad-atom mobility and lower contents of incorporated contaminates like O.
The O-contents and B/C ratios presented in Fig. 5a , b, respectively, were assessed by XPS measurements after Ar-ion cleaning. As shown in Fig. 5a , the O-content of the coatings is mainly influenced by the Ar pressure and the substrate temperature. The deposition mode affects the O-content only at the pressures of 600 and 800 mPa using a substrate temperature of 100°C, where the highest O-contents of 5.7 and 6.3 at.%, respectively, were recorded for B 4 C coating grown in HiPIMS mode. The same process parameters applied in DCMS mode yield B 4 C coatings with the O-contents of 4.6 at.% (600 mPa) and 5.7 at.% (800 mPa). Such elevated levels of O in coatings deposited using HiPIMS are attributed to comparatively long pulse-off times of 1.2 ms, during which O from the residual gas can attach to the target and the growing film surface. The increase in film O-contents with the Ar pressure is attributed to decreased particle energies caused by an increased probability of particle collisions. At pressures of 600 mPa and above, the average particle mean free path is estimated to be *6 cm using the approach proposed in [44] . This suggests that sputtered particles undergo one collision, which leads to reduced particle energies. The increased probability of collisions increases also the probability of reactions with the background gas. Moreover, lowered particle energies inhibit re-sputtering of O at the growing film surface. As the substrate temperature rises to 400°C, the ad-atom mobility rises and the desorption of O-containing species is catalyzed, which is mirrored in lower O-contents but also lowered growth rates (cf. Figs. 2, 5a ).
As presented in Fig. 5b , the films deposited in DCMS mode using a low Ar pressure of 300 mPa and a substrate temperature of 400°C show the highest B/C ratio of *4.0. The same conditions in HiPIMS mode yield films with a decreased B/C ratio of *3.9. At a substrate temperature of 100°C, increasing pressures from 300 to 800 mPa result also in decreased B/C ratios. The results are directly related to the above discussed O-contents as well as C contamination from the background and ambient gas. Figure 6a , b shows the compositional depth profiles as obtained by ToF-ERDA of B 4 C films deposited by DCMS and HiPIMS, respectively, at T s = 400°C and an Ar pressure of 300 mPa. The results suggest slightly higher levels of H, O, and N of the coating deposited in DCMS mode, while the B/C ratios of both coatings are comparable with the values of 4.77 and 4.74 for B 4 C films sputtered in DCMS and HiPIMS mode, respectively. The total amount of the impurities H, O, and N is 3.9 at.% for the coating sputtered by DCMS and 2.3 at.% for the coating grown in HiPIMS mode. The results show also that, apart from the near-surface region, the composition is homogenous for both coatings. The compositions of the near-surface regions of comparable B 4 C coatings were closer, as investigated in [45] , where it was shown that surface oxidation extends to a maximum of 60 nm into the coatings.
Comparing ToF-ERDA and XPS data, the B/C ratios and O-contents are discrepant. This is mainly caused by the surface-sensitive nature of XPS measurements. XPS offers a probing depth of approximately 10 nm into the coating. Although only data recorded after Ar-ion etching were considered for data evaluation and the base pressure in the analysis chamber during acquisition was less than 1 9 10
Pa, an overestimation of elements in the background gas, i.e., O, C, and N, is apparent. Here, surface reactions of the background gas with the Ar-ion etched surface during measurement, residual surface contaminations after Ar-ion etching, or surface contamination that is mixed into the first monolayers of the coating due to the Ar-ion beam may be possible measurement method artifacts. ToF-ERDA data, on the other hand, present the coating composition including H contents up to a depth of 400 nm and are Figure 6 ToF-ERDA depth profiles for B 4 C coatings deposited at 300 mPa and 400°C by a DCMS and b HiPIMS. The average elemental composition is indicated for each coating. Figure 5 a O-contents and b B/C ratios as obtained by XPS measurements over the process pressure for B 4 C coatings deposited at the substrate temperatures of 100°C (black) and 400°C (red) using DCMS (squares) and HiPIMS (triangles). For data presented in a, the uncertainty is estimated to be less than ±5 %.
as such considered to mirror the coating composition better.
The compressive residual coating stresses are shown in Fig. 7 . Here, the two substrate temperatures induce opposing trends as the pressure increases; at a substrate temperature of 100°C, the compressive residual coating stress decreases, while the coatings deposited at 400°C show increasing compressive stress values. The low-temperature HiPIMS processes span the widest range of stresses throughout the investigated Ar pressure range. While the lowest compressive film stress of -180 MPa is recorded for B 4 C coatings deposited at a pressure of 800 mPa, the highest residual stress of -380 MPa is obtained using a pressure of 300 mPa.
At a substrate temperature of 100°C, the evolution of the coating stress is mainly attributed to lowered particle energies caused by increased particle scattering as the pressure increases. This, in turn, reduces forward sputtering, which was reported to be one of the major factors that contribute to compressive coating stresses [28] . As mentioned above, the average particle mean free path for collision was estimated to be *6 cm at 800 mPa, while the collision mean free path increases to *9 and *15 cm at 450 and 300 mPa, respectively [44] .
Other commonly reported factors that contribute to increased stress levels in thin films deposited by magnetron sputtering techniques are Ar incorporation and high particle energies. Incorporation of Ar can be excluded here based on its non-existence in ToF-ERDA and XPS measurements of the as-deposited samples. High particle energies arising due to an elevated target mass [46] , peak target currents [47] , or high bias potentials can also be excluded to contribute to elevated stress levels; HiPIMS processes conducted at 300 and 800 mPa showed comparable and low peak target currents of 68 and 69 A, respectively. Energetic, reflected Ar neutrals are also expected to play a minor role considering the low target/Ar gas mass ratio. Finally, our study was conducted at floating potential where ionized plasma species experience merely a potential drop of less than 40 V.
As the substrate temperature rises to 400°C, the extracted compressive coating stresses are attenuated, where the values vary within 100 MPa over the investigated range of Ar pressures. The comparatively low stress levels are due to the low coefficient of thermal expansion (CTE, a) of Si (a = 2.7 9 10 -6 K -1 ) compared to B 4 C (a = 5 9 10 -6 K -1 ). Moreover, an increased ad-atom mobility at elevated substrate temperatures contributes to the reduction of intrinsic stresses, which is frequently reported for sputter deposited metallic films [28] . As shown in Fig. 7 , this effect is reduced at elevated pressures since the deposition rate increases simultaneously. Similar results were reported by Sun et al. [48] .
The level of compressive residual coating stress provides also an indication of the coating adhesion. Although the differences in compressive film stress for B 4 C deposited on Si substrates do not appear substantial, a slight rise of the film stress is mirrored in a delamination of the B 4 C coatings on Al substrates. The amplification is caused by the comparatively high coefficient of thermal expansion of Al (a = 22.2 9 10 -6 K -1 ) compared to B 4 C (a = 5 9 10 -6 K -1 ) and Si (a = 2.7 9 10 -6 K -1 ). It should be emphasized that the B 4 C coatings deposited at 100°C at 800 mPa and all B 4 C films deposited at 400°C showed good long-term adhesion on Si and Al substrates. Furthermore, at low deposition temperatures the substrate curvature of the Al blades was significantly reduced. Hence, the deposition of well-adhering B 4 C coatings on temperature sensitive substrates is successfully conducted using elevated pressures.
Conclusions
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B-based neutron detectors require B 4 C coatings of thicknesses [1 lm that feature highest possible B/C ratios, densities, and low amounts of impurities like H, Figure 7 Residual compressive stress over the process pressure for B 4 C coatings deposited at the substrate temperatures of 100°C (black) and 400°C (red) using DCMS (squares) and HiPIMS (triangles). The uncertainty of the presented data is less than ±8 %.
O, and N, as well as adequate adhesion. This study investigated DCMS and HiPIMS process parameters for the growth of B 4 C coatings on temperature-sensitive or macrostructured substrates for neutron detector applications. The quality of coatings deposited using HiPIMS or DCMS at a substrate temperature of 100°C was compared to high-grade coatings deposited by DCMS at 400°C. Provided that optimized sputter parameters are applied, both magnetron sputter modes were shown to yield functional B 4 C coatings.
The coating quality was found to be mainly influenced by the substrate temperature and the Ar pressure, while the deposition mode influences the coating properties only slightly. Within the investigated range of process settings, a pressure of 300 mPa and a substrate temperature of 400°C DCMS were shown to yield the highest coating quality. Under such conditions, coatings with a high B/C ratio of *4, low residual compressive stresses of 220 MPa, a low total amount of impurities of 3.9 at.%, and a density [90 % of the B 4 C bulk density, specifically *2.3 g/cm 3 , were deposited.
The study presented moreover the feasibility and limitations of a low-temperature deposition of B 4 C coatings. At a substrate temperate of 100°C and a pressure of 800 mPa, the coatings deposited using HiPIMS and DCMS show an adequate adhesion due to very low residual compressive stresses of 180 MPa, but elevated O-contents of *6 at.% as well as slightly reduced densities of 2.2 g/cm 3 . Such low-temperature processes are suited to coat temperature sensitive substrates such as glass-reinforced epoxy laminate sheets.
